1. Introduction {#sec1-ijms-19-02173}
===============

The heart beats over 3 billion times during a normal life-span. The sinoatrial (SA) node, the primary physiological pacemaker of the heart, is a specialized and relatively small area in the right atrium which spontaneously generates action potentials. Sinoatrial node cells (SANC) are able to generate spontaneous action potentials because of the gradual depolarization of the membrane potential during diastole, called diastolic depolarization. The ensemble of sarcolemmal ion channels and electrogenic ion transporters (including L- and T-type Ca^2+^ channels (I~CaL~ and I~CaT~, respectively), delayed rectifier K^+^ channels (I~K~), hyperpolarization-activated funny channels (I~f~), Na^+^/Ca^2+^ exchanger (NCX) current (I~NCX~), Na^+^/K^+^ ATPase current (I~NaK~), etc.) are involved in the generation of the diastolic depolarization ([Figure 1](#ijms-19-02173-f001){ref-type="fig"}A,B). Numerous reviews have described the contribution of ionic currents in the generation of the diastolic depolarization and cardiac pacemaker function \[[@B1-ijms-19-02173],[@B2-ijms-19-02173],[@B3-ijms-19-02173],[@B4-ijms-19-02173]\].

Effects of changes in extracellular \[Ca^2+^\] on spontaneous beating rate of the intact SA node have also been well established in early studies \[[@B5-ijms-19-02173],[@B6-ijms-19-02173]\], but its effect on cardiac pacemaking was originally explained by Ca^2+^-induced changes in several ionic currents including I~f~ \[[@B7-ijms-19-02173]\], I~Ca,T~ and I~Ca,L~ \[[@B8-ijms-19-02173]\], I~K~ \[[@B9-ijms-19-02173],[@B10-ijms-19-02173]\], I~st~ \[[@B11-ijms-19-02173]\], etc. Although the involvement of intracellular Ca^2+^ cycling in cardiac pacemaker function was studied over the next decade \[[@B12-ijms-19-02173],[@B13-ijms-19-02173],[@B14-ijms-19-02173],[@B15-ijms-19-02173],[@B16-ijms-19-02173],[@B17-ijms-19-02173],[@B18-ijms-19-02173]\], specific mechanisms of intracellular sarcoplasmic reticulum (SR) Ca^2+^ cycling and their importance for spontaneous SANC firing were discovered in relatively recent studies and described in numerous reviews \[[@B19-ijms-19-02173],[@B20-ijms-19-02173],[@B21-ijms-19-02173],[@B22-ijms-19-02173],[@B23-ijms-19-02173],[@B24-ijms-19-02173],[@B25-ijms-19-02173],[@B26-ijms-19-02173]\].

Similar to other excitable cardiac cells, SANC cycle Ca^2+^ into and out of their SR. Ca^2+^ influx via L-type channels during each spontaneous cycle induces global Ca^2+^ release from ryanodine receptors (RyRs), SR Ca^2+^ release channels, creating Ca^2+^-induced Ca^2+^ release (CICR) \[[@B27-ijms-19-02173]\]. Furthermore, SANCs can generate spontaneous local Ca^2+^ releases (LCRs) that appear during late diastolic depolarization before the next action potential upstroke \[[@B19-ijms-19-02173]\]. Since SANCs do not have T-tubules, LCRs occur beneath sarcolemma of SANC and activate a forward mode of the Na^+^/Ca^2+^ exchanger, generating an inward Na^+^/Ca^2+^ exchange current (I~NCX~), which accelerates the diastolic depolarization rate leading to earlier occurrence of the next action potential \[[@B19-ijms-19-02173],[@B28-ijms-19-02173]\]. Numerous studies have confirmed presence of spontaneous rhythmic LCRs under normal physiological conditions in SANC of multiple species including humans \[[@B13-ijms-19-02173],[@B19-ijms-19-02173],[@B20-ijms-19-02173],[@B23-ijms-19-02173],[@B29-ijms-19-02173],[@B30-ijms-19-02173],[@B31-ijms-19-02173],[@B32-ijms-19-02173]\]. LCRs are roughly periodic and could be suppressed by a rhizome alkaloid ryanodine \[[@B12-ijms-19-02173],[@B17-ijms-19-02173],[@B19-ijms-19-02173],[@B33-ijms-19-02173]\], which locks RyR in subconductance open state, depleting the SR Ca^2+^ content \[[@B34-ijms-19-02173]\].

Since SR-generated LCRs persist in the absence of sarcolemmal ionic function, i.e., in saponin-permeabilized rabbit SANC \[[@B23-ijms-19-02173],[@B35-ijms-19-02173]\] or during voltage clamp \[[@B23-ijms-19-02173]\], they occur spontaneously and were called intracellular "Ca^2+^ clock" \[[@B28-ijms-19-02173]\] ([Figure 1](#ijms-19-02173-f001){ref-type="fig"}C). Ca^2+^ influx via L-type Ca^2+^ channels trigger a global SR Ca^2+^ transient (via CICR) that partially depletes SR, resets the "Ca^2+^ clock" and temporarily suspends generation of spontaneous LCRs \[[@B23-ijms-19-02173],[@B28-ijms-19-02173]\]. The local Ca^2+^ release period is a time-interval from the action potential-triggered global Ca^2+^ transient to the occurrence of LCR. The LCR period defines the time of Ca^2+^ release beneath sarcolemma and activation of inward I~NCX~ \[[@B19-ijms-19-02173]\]. The inward I~NCX~ produces an exponential increase in the diastolic depolarization rate leading to earlier occurrence of the action potential upstroke and thus regulates the spontaneous SANC beating rate \[[@B23-ijms-19-02173],[@B28-ijms-19-02173],[@B36-ijms-19-02173]\]. The local Ca^2+^ release period is critically dependent on the rate of SR Ca^2+^ replenishment, controlled by SR Ca^2+^ ATP-ase (SERCA) \[[@B36-ijms-19-02173]\].

During each spontaneous cycle, the intracellular "Ca^2+^ clock" in SANC dynamically interacts with the ensemble of surface membrane ion channels and other electrogenic carriers and pumps, the "Membrane clock". Specifically, L-type Ca^2+^ channels and I~NCX~ control Ca^2+^ influx and efflux from the cell and define the amount of Ca^2+^ available for pumping into SR and, as a result, govern the SR Ca^2+^ load and timing of LCR generation ([Figure 1](#ijms-19-02173-f001){ref-type="fig"}A,B). The most recent simulations explored a possible positive feedback mechanism, called action potential ignition, which accelerates the diastolic depolarization to reach the action potential threshold \[[@B37-ijms-19-02173]\]. Therefore, in intact SANC, the "Ca^2+^ clock" and "Membrane clock" function together and mutually entrain each other since changes in membrane currents directly or indirectly regulate intracellular Ca^2+^ cycling, while changes in SR Ca^2+^ cycling, in its turn, modulate parameters of ionic channels \[[@B24-ijms-19-02173],[@B25-ijms-19-02173],[@B26-ijms-19-02173],[@B28-ijms-19-02173],[@B38-ijms-19-02173]\].

Subsequent research revealed the identity of additional players that are involved in the regulation of basal cardiac pacemaker function which added additional complexity to intrinsic signaling mechanisms in SANC, including phosphorylation cascades \[[@B39-ijms-19-02173],[@B40-ijms-19-02173]\], calcium signaling through TRP \[[@B41-ijms-19-02173],[@B42-ijms-19-02173]\], IP~3~ channels \[[@B43-ijms-19-02173]\], Ca^2+^-dependent small conductance K^+^ channels \[[@B44-ijms-19-02173]\] as well as mitochondria \[[@B45-ijms-19-02173],[@B46-ijms-19-02173]\].

Other studies began to compare expression of ionic channels and Ca^2+^ handling proteins at the messenger RNA level between SA node and working myocardium of varied species including humans, rabbits and mice \[[@B47-ijms-19-02173],[@B48-ijms-19-02173],[@B49-ijms-19-02173],[@B50-ijms-19-02173],[@B51-ijms-19-02173],[@B52-ijms-19-02173]\]. mRNA expression, however, could be inconsistent with the protein expression or functional data due to messenger instability, ratio of protein synthesis and degradation or post translational modification. For example, Kir2 channels are responsible for the inward rectifier K^+^ current (I~K1~), a key player in generating the resting membrane potential in working myocardium (atrial and ventricular myocytes). Although a similar mRNA expression pattern of Kir2.1 and Kir2.2 was observed in the SA node and atrium of adult rabbits \[[@B47-ijms-19-02173]\], I~K1~ was present in rabbit atrial myocytes \[[@B53-ijms-19-02173]\], but entirely absent in rabbit SANC \[[@B2-ijms-19-02173]\].

The proteomics approach showed substantial differences in the expression of multiple proteins between human SA node and working myocardium \[[@B54-ijms-19-02173]\]. These varieties might be based on different formation of the SA node and working myocardium, i.e., in the developing heart, the venosus pole consists of the sinus venous and the primitive atrium, which are separated by a sinoatrial fold \[[@B55-ijms-19-02173],[@B56-ijms-19-02173]\]. The SA node expresses Tbx3 and Hcn4, whereas the atrium expresses Cx40 and Nppa in a complementary manner \[[@B57-ijms-19-02173],[@B58-ijms-19-02173]\], suggesting that atrial and SA node lineages separate as soon as they start to express these markers \[[@B3-ijms-19-02173],[@B55-ijms-19-02173]\]. However, despite the importance of Ca^2+^ handling proteins for cardiac pacemaker function, very little is known about differences in the abundance or phosphorylation status of Ca^2+^ cycling proteins in SANC and cells of working myocardium as well as impact of these varieties on cardiac pacemaking. The goal of this review is to discuss specific patterns of intrinsic SR Ca^2+^ cycling in SANC and ventricular myocytes, with the major focus on the SR Ca^2+^ cycling proteins (SERCA, PLB and RyR) expression, distribution and Ca^2+^-dependent modulation of the phosphorylation status of these proteins and functional implications with respect to generation of spontaneous LCRs and therefore regulation of spontaneous SANC beating rate.

2. Differences in Intrinsic SR Ca^2+^ Cycling between SANC and Ventricular Myocytes {#sec2-ijms-19-02173}
===================================================================================

The cardiac SR is designed to oscillate Ca^2+^ via Ca^2+^ pump, sarco-/endoplasmic reticulum Ca^2+^/ATPase (SERCA2), and RyRs. Electrical impulses, emanating from the SA node, reach ventricular myocardium and generate action potentials in cardiac myocytes, opening voltage gated L-type Ca^2+^ channels located in the t-tubular system. Ca^2+^ entering the cell through L-type Ca^2+^ channels open RyRs, which are normally packed in clusters near L-type Ca^2+^ channels to form Ca^2+^ release units (CRUs). Spontaneous SR-generated Ca^2+^ releases were originally discovered in ventricular myocytes and called "Ca^2+^ sparks", which are relatively small in size \~2.0 μm and occur stochastically \[[@B59-ijms-19-02173]\]. There are substantial species-dependent differences in Ca^2+^ handling, i.e., relaxation of cardiac myocytes occurs when Ca^2+^ is either taken back into the SR by SERCA2 or extruded from the cell by the sarcolemmal NCX. The contribution of each of these mechanisms is different among species, e.g., in the rabbit or human heart \~75% of Ca^2+^ is removed by SERCA2a and \~25% by NCX, while in the murine heart, including rats and mice, \~95% of Ca^2+^ is removed by SERCA2a \[[@B27-ijms-19-02173]\]. Comparable amplitudes of I~NCX~ are observed in rabbit and human SANC when matched to the net diastolic current \[[@B60-ijms-19-02173]\]. The differences in the contribution of NCX in Ca^2+^ fluxes of rabbit/human vs. mouse/rat heart could have a major impact on the modulation of cardiac pacemaking. Considering that the flux through NCX is \~4-fold less in mouse cells, an impact of I~NCX~ on spontaneous diastolic depolarization and consequently on mouse SANC firing rate is expected to be substantially less compared to the rabbit.

All proteins, including SERCA, RyRs and NCX, that cycle Ca^2+^ in ventricular or atrial myocytes, are also present in SANC \[[@B19-ijms-19-02173],[@B21-ijms-19-02173],[@B61-ijms-19-02173]\]. These proteins are found throughout the SA node, including the SA node center (connexin 43 deficient area) \[[@B61-ijms-19-02173]\]. Similar to ventricular myocytes spontaneous Ca^2+^ oscillations occur in SANC but, compared to sparks in ventricular myocytes, local Ca^2+^ releases (LCRs) in SANC are relatively large, \~4--15 μm, and represent Ca^2+^ wavelets which likely involve several adjacent CRU \[[@B19-ijms-19-02173],[@B62-ijms-19-02173]\].

A comparison of intracellular Ca^2+^ cycling in intact SANC and ventricular myocytes is hampered by the presence of different sets of membrane ion channels, which are also regulated by Ca^2+^ \[[@B1-ijms-19-02173],[@B2-ijms-19-02173],[@B3-ijms-19-02173]\]. Cell surface membrane permeabilization is a valuable tool for studying intracellular Ca^2+^ cycling in the absence of ion channel interference in SANC \[[@B23-ijms-19-02173],[@B35-ijms-19-02173]\] or ventricular myocytes \[[@B63-ijms-19-02173],[@B64-ijms-19-02173],[@B65-ijms-19-02173],[@B66-ijms-19-02173]\]. This approach was employed to study mechanisms of CICR in cardiac cells \[[@B67-ijms-19-02173]\]. In permeabilized cardiac cells, SR Ca^2+^ cycling becomes "free running", controlled mostly by the concentration of free cytosolic Ca^2+^ \[Ca^2+^\]~f~ and the kinetics of Ca^2+^ pumping into and release from the SR.

Under controlled physiological conditions and at the same level of free cytosolic \[Ca^2+^\]~f~ spontaneous LCRs in permeabilized SANC were large and roughly periodic events ([Figure 2](#ijms-19-02173-f002){ref-type="fig"}A,B). In contrast, sparks in permeabilized ventricular myocytes were relatively small and stochastic ([Figure 2](#ijms-19-02173-f002){ref-type="fig"}C,D). Total Ca^2+^ released by each cell type was estimated by integrating signal masses of all spontaneous LCRs in SANC and sparks in ventricular myocytes within a same time and space of the line-scan image \[[@B23-ijms-19-02173]\]. At relatively low (50--100 nmol/L) cytosolic \[Ca^2+^\]~f~, both SANC and ventricular myocytes released comparable amount of Ca^2+^. However, even at this low cytosolic \[Ca^2+^\]~f~, almost 25--30% of SANC generated roughly periodic LCRs (periodicity was verified using fast Fourier transform (FFT)), while no periodic events were observed in ventricular myocytes up to 150 nmol/L \[Ca^2+^\]~f~. At higher 150--250 nmol/L cytosolic \[Ca^2+^\]~f~, the total Ca^2+^ signal mass released by SANC was \~2-fold larger compared to ventricular myocytes ([Figure 2](#ijms-19-02173-f002){ref-type="fig"}E).

These concentrations of cytosolic \[Ca^2+^\]~f~ represent the most physiologically relevant range, since basal diastolic \[Ca^2+^\]~f~ concentration is \~160 nmol/L in spontaneously beating rabbit SANC \[[@B23-ijms-19-02173]\] and \~250 nmol/L in intact paced ventricular myocytes \[[@B27-ijms-19-02173],[@B68-ijms-19-02173]\]. Elevation of the cytosolic \[Ca^2+^\]~f~ increased number of cells with periodic Ca^2+^ releases in both cell types, but only \~20% of ventricular myocytes generated roughly periodic Ca^2+^ releases in ventricular myocytes at 200 nmol/L \[Ca^2+^\]~f~, while \~70% of SANC generated periodic LCRs. The differences in total Ca^2+^ signal mass and periodicity of Ca^2+^ releases between SANC or ventricular myocytes could be related to the variances in the SR Ca^2+^ load in two cell types. The global SR Ca^2+^ content in permeabilized SANC and ventricular myocytes, however, was the same over a wide range of physiologically relevant (50--250 nmol/L) cytosolic \[Ca^2+^\]~f~ concentrations ([Figure 2](#ijms-19-02173-f002){ref-type="fig"}G). Thus, SANCs sustain larger, rhythmic LCRs through RyRs at similar SR Ca^2+^ loads as ventricular myocytes. Further increase in cytosolic \[Ca^2+^\]~f~ to 300 nmol/L decreased the SR Ca^2+^ load and abolished spontaneous LCRs in SANC, while a further increase in the SR Ca^2+^ content and appearance of rhythmic Ca^2+^ wavelets was observed in ventricular myocytes \[[@B35-ijms-19-02173]\]. Therefore, the rhythmicity of spontaneous Ca^2+^ events in both cell types was Ca^2+^-dependent, but SANC were more sensitive to \[Ca^2+^\]~f~ compared to ventricular myocytes.

3. Differences in RyR Abundance and Distribution in SANC and Ventricular Myocytes {#sec3-ijms-19-02173}
=================================================================================

Differences in spontaneous SR Ca^2+^ release characteristics in SANC and ventricular myocytes appear to be partially due to differences in the ultrastructure and abundance of proteins involved in the E-C coupling between two cell types. Specifically, T-tubular system is absent in SANC ([Figure 3](#ijms-19-02173-f003){ref-type="fig"}A), and RyR (especially in larger SANC) are distributed in the cytoplasm at regular bands localized at the Z-lines with periodicity of \~2 μm as well as beneath sarcolemma \[[@B21-ijms-19-02173],[@B61-ijms-19-02173]\]. In small- and medium-sized SANCs, RyRs are mostly detected at the junctional SR (j-SR) in the proximity to sarcolemma ([Figure 3](#ijms-19-02173-f003){ref-type="fig"}B,D), while, in ventricular myocytes, RyRs are similarly present both at the cell surface and inside the cell ([Figure 3](#ijms-19-02173-f003){ref-type="fig"}C) \[[@B61-ijms-19-02173]\]. Although the intensity of whole cell immunolabeling of RyR does not substantially vary between SANC and ventricular myocytes, quantitative analysis of RyR labeling intensities beneath sarcolemma established significant \~3-fold increase in RyR labeling density within a 0.5 μm subspace in SANC compared to left ventricular myocytes ([Figure 3](#ijms-19-02173-f003){ref-type="fig"}E) and in this area RyR were colocalized with NCX ([Figure 3](#ijms-19-02173-f003){ref-type="fig"}D). The fine structure of RyR in rabbit SANC was further studied using 2D-images, which showed irregularly spaced clusters of RyR of varied sizes (at least, at the light microscopy resolution). Some regions in subsarcolemmal area of SANC appeared to lack RyRs while other regions seemed to bridge the largest RyR clusters and link multiple CRUs in the network of RyR ([Figure 3](#ijms-19-02173-f003){ref-type="fig"}F) \[[@B62-ijms-19-02173],[@B69-ijms-19-02173]\].

In isolated intact rabbit atrial myocytes (most of which also lack T-tubular system), simultaneous measurements of cytosolic \[Ca^2+^\] and SR Ca^2+^ depletions \[Ca^2+^\]~SR~ (fluo-5N) revealed that Ca^2+^ release from j-SR had larger Ca^2+^ spark amplitudes, but smaller SR Ca^2+^ depletions (Ca^2+^ blinks) compared to releases from the central non-junctional SR (nj-SR) \[[@B70-ijms-19-02173]\], suggesting that higher cytosolic Ca^2+^ signal in the cell periphery could be due to a larger amount of Ca^2+^ released from the j-SR. Considering geometrical and structural factors, however, it has been hypothesized that in atrial myocytes j-SR release Ca^2+^ into the narrow cleft beneath sarcolemma. In this restricted cleft, cytosolic \[Ca^2+^\]~i~ might rapidly reach substantial levels. Since the same amount of Ca^2+^ released in the cell center is not confined by surrounding membranes, it could rapidly dissipate via Ca^2+^ buffering or repumping Ca^2+^ into SR and not reach comparable peak levels. Another hypothesis put forward in the same study was that there could be different pools of Ca^2+^ for j-SR and nj-SR or j-SR and nj-SR CRUs have different Ca^2+^ release termination mechanisms \[[@B70-ijms-19-02173]\]. However, the relevance of these interesting hypotheses, created for atrial myocytes, to RyR Ca^2+^ release beneath sarcolemma of SANC requires further investigation.

4. Differences in SERCA Abundance among SANC, Atrial and Ventricular Myocytes {#sec4-ijms-19-02173}
=============================================================================

In permeabilized cells, in the absence of functional sarcolemmal ionic channels, but intact function of SR, the SR Ca^2+^ content is largely regulated by the release of Ca^2+^ through RyR and Ca^2+^ pumping into SR by SERCA. Ca^2+^ pumping by SERCA is a determinant of the decay of the intracellular Ca^2+^ transient and refilling of the SR Ca^2+^ content \[[@B71-ijms-19-02173]\]. SERCA2 is a 110 kD transmembrane SR protein expressed in all cardiac myocytes, which maintains a 1000-fold Ca^2+^-gradient across the cardiac SR membrane \[[@B72-ijms-19-02173]\]. In multiple species including rabbit, guinea pig and human ([Figure 4](#ijms-19-02173-f004){ref-type="fig"}A), SERCA2a protein level is approximately two-fold higher in atria compared to ventricle \[[@B73-ijms-19-02173]\], which may partly account for the shorter duration of contraction in atrial vs. ventricular tissue \[[@B74-ijms-19-02173]\].

In ventricular myocytes the total RyR Ca^2+^ release controls the amount of Ca^2+^ stored in the SR and therefore provides powerful negative feedback regulation. For example, if RyR Ca^2+^ release is acutely elevated, Ca^2+^ efflux from the cell also increases, reducing the amount of Ca^2+^ available for pumping into SR, limiting the SR Ca^2+^ content and thus decreasing subsequent RyR Ca^2+^ releases \[[@B76-ijms-19-02173]\]. The total Ca^2+^ signal mass released by SANC is \~2-fold larger compared to ventricular myocytes when cytosolic \[Ca^2+^\]~f~ is 150--250 nmol/L ([Figure 2](#ijms-19-02173-f002){ref-type="fig"}E). Elevated RyR Ca^2+^ release in SANC, however, produced no detectable depletion of SR Ca^2+^ content ([Figure 2](#ijms-19-02173-f002){ref-type="fig"}G), strongly suggesting that Ca^2+^ pumping into SR by SERCA was higher in SANC than in ventricular myocytes. Western blots of SERCA in isolated SANC and ventricular myocytes demonstrated that the abundance of SERCA in rabbit SANC exceeded that in ventricular myocytes by \~1.5-fold ([Figure 4](#ijms-19-02173-f004){ref-type="fig"}B), and SERCA was uniformly distributed within rabbit SANC \[[@B61-ijms-19-02173]\]. Both the central SA node area (connexin 43 negative area) and SA node periphery exhibited positive immunoreactivity for SERCA2 ([Figure 4](#ijms-19-02173-f004){ref-type="fig"}C) \[[@B61-ijms-19-02173]\].

The direct effect of SERCA2 pumping on intrinsic SR Ca^2+^ cycling in permeabilized SANC was verified employing specific and reversible SERCA inhibitor cyclopiazonic acid \[[@B77-ijms-19-02173]\], which markedly reduced the LCR frequency and size in permeabilized SANCs partially due to a substantial reduction in the SR Ca^2+^ content ([Figure 4](#ijms-19-02173-f004){ref-type="fig"}D). In intact rabbit SANC, cyclopiazonic acid decreased the spontaneous SANC beating rate in a dose-dependent manner (EC~50~, 1.2 μmol/L) to a maximal suppression of \~50% ([Figure 4](#ijms-19-02173-f004){ref-type="fig"}E), and all effects were reversed after washout. The suppression in the SANC beating rate was attributable to a marked decrease in the diastolic depolarization rate, indicating that SR refilling plays an essential role in the regulation of the basal cardiac pacemaker function.

The effects of variations in levels of SERCA2a was studied by either SERCA2a overexpression or deletion in mouse models. Transgenic mice overexpressing SERCA2a protein showed no cardiac pathology, but exhibited augmented SR Ca^2+^ transport with enhanced rates of cardiac contractility and relaxation \[[@B78-ijms-19-02173]\]. Specifically, an increase in SERCA2a protein levels by \~1.5-fold in transgenic mice was associated with elevation of the maximum velocity of SR Ca^2+^ uptake by \~40%, demonstrating that increased pump level results in increased SR Ca^2+^ uptake function. Hearts from SERCA2a transgenic mice showed significantly higher myocardial contractile function and slightly increased spontaneous beating rate \[[@B79-ijms-19-02173]\], indicating that SERCA is a key determinant of both cardiac contraction and spontaneous SANC firing. Absence of the SERCA2 gene is embryonically lethal and homozygous (SERCA2 −/−) mice die in development. In adult mice, an inducible cardiomyocyte-specific excision of the Atp2a2 (Serca2) gene (SERCA2 KO) produced dramatic reduction in the SR Ca^2+^ content which reached only \~20% of control values in SERCA2 KO cardiomyocytes \[[@B80-ijms-19-02173],[@B81-ijms-19-02173]\]. The heart rate was also significantly lower in anesthetized SERCA2 KO mice, which could be due to deletion of SERCA2 in the sinus node \[[@B80-ijms-19-02173]\].

There is a decrease in the expression levels of SERCA2a and its activity with ageing both in animal models and in senescent human myocardium \[[@B82-ijms-19-02173],[@B83-ijms-19-02173],[@B84-ijms-19-02173]\]. The decrease in SERCA2 protein in the SA node isolated from aged (20--24 months) vs. adult (3--4 months) mice was linked to decrease in SR Ca^2+^ load, resultant reduction in LCR size and number and age-associated decrease in the spontaneous SANC beating rate \[[@B85-ijms-19-02173]\]. In failing human hearts, SERCA2a function is impaired due to reduction in SERCA2a mRNA and protein levels \[[@B86-ijms-19-02173],[@B87-ijms-19-02173],[@B88-ijms-19-02173],[@B89-ijms-19-02173],[@B90-ijms-19-02173],[@B91-ijms-19-02173]\]. Restoration of normal levels of SERCA2a has been suggested as a novel therapeutic target for treatment of the heart failure \[[@B92-ijms-19-02173],[@B93-ijms-19-02173],[@B94-ijms-19-02173],[@B95-ijms-19-02173]\].

5. Differences in Phospholamban (PLB) Abundance in SANC and Ventricular Myocytes {#sec5-ijms-19-02173}
================================================================================

The activity of SERCA2a is modulated by multiple factors, the predominant factor being a 52 amino-acid phosphoprotein PLB, which, in its unphosphorylated form, colocalizes with SERCA2a in the cardiac SR membrane \[[@B96-ijms-19-02173]\] and inhibits its function \[[@B97-ijms-19-02173]\]. Since PLB is an inhibitor of SERCA pump, an increase or decrease in PLB level can directly impact SR Ca^2+^ uptake function. For example, the reduction in PLB levels in ventricle was associated with a linear increase in the affinity of SERCA2a for Ca^2+^, and resultant increase of contractility \[[@B97-ijms-19-02173],[@B98-ijms-19-02173]\].

Compared to smooth muscle tissue, PLB is expressed at higher levels in the heart, but expression of PLB protein in many species, including humans ([Figure 5](#ijms-19-02173-f005){ref-type="fig"}A), rabbits, guinea pigs, mice and rats, is \~2--3-fold higher in ventricle compared to atria \[[@B73-ijms-19-02173],[@B75-ijms-19-02173]\]. The abundance of PLB in rabbit SANC was \~2-fold less compared to ventricular myocytes, indicating that inhibition of SERCA by PLB could be lower in SANC than in ventricular myocytes ([Figure 5](#ijms-19-02173-f005){ref-type="fig"}B).

On the other hand, SERCA protein was \~1.5-fold more abundant in SANC compared to ventricular myocytes ([Figure 4](#ijms-19-02173-f004){ref-type="fig"}B). Thus, the SERCA/PLB ratio could be at least \~3-fold larger in SANC than in ventricular myocytes, suggesting that the difference in Ca^2+^ cycling proteins abundance partially accounts for the differences in SR Ca^2+^ releases between SANC and ventricular myocytes. Indeed, robust local Ca^2+^ releases in SANC are supported by more activated (uninhibited) SERCA, which could provide an increased Ca^2+^ pumping into the SR required to sustain long-lasting elevated RyR Ca^2+^ releases. The PLB to SERCA ratio considered to be a key factor of SR Ca^2+^ cycling and cardiac contractility regulation \[[@B100-ijms-19-02173]\]. In theory, a lower level of PLB could facilitate rate of SR Ca^2+^ uptake, elevating the SR Ca^2+^ content and providing more Ca^2+^ for SR to release. Conversely, an increase in PLB level would decrease rate of SR Ca^2+^ uptake, reduce the SR Ca^2+^ load and, as a result, suppress the SR Ca^2+^ release. Indeed, atrial muscles, which have a \~3--4-fold lower PLB to SERCA2 ratio than ventricular muscles, exhibited rates of force development and relaxation of tension, which were \~3-fold faster compared to ventricular muscles \[[@B100-ijms-19-02173],[@B101-ijms-19-02173]\].

The inhibitory role of PLB on SR and cardiac function has been directly confirmed using transgenic mouse models. In ventricular myocytes isolated from PLB KO mice \[Ca^2+^\]~i~ transient was larger and decayed faster compared to WT mice \[[@B99-ijms-19-02173],[@B102-ijms-19-02173]\]. Spontaneous Ca^2+^ sparks were also markedly increased in size and were \~3 times more frequent in ventricular myocytes from PLB KO mice compared to WT mice ([Figure 5](#ijms-19-02173-f005){ref-type="fig"}C), which was partially due to the elevated SR Ca^2+^ load \[[@B99-ijms-19-02173]\]. The adenoviral gene transfer of antisense PLB in human cardiomyocytes isolated from failing hearts decreased expression of PLB, restoring the velocity of both contraction and relaxation in the failing cardiomyocytes to normal \[[@B103-ijms-19-02173]\]. Although a lack of PLB in the mouse heart is well tolerated, a similar condition in human leads to dilated cardiomyopathy and death \[[@B104-ijms-19-02173],[@B105-ijms-19-02173]\].

6. High Basal PKA- and CaMKII-Dependent Phosphorylation in Cardiac Pacemaker Cells {#sec6-ijms-19-02173}
==================================================================================

Another reason why LCRs in rabbit SANC are more robust compared to ventricular myocytes ([Figure 2](#ijms-19-02173-f002){ref-type="fig"}) might be that, even in the absence of β-AR stimulation, basal cAMP level in SANC is \~3-fold higher compared to ventricular myocytes ([Figure 6](#ijms-19-02173-f006){ref-type="fig"}A). The elevated level of cAMP in the basal state is due to constitutive activation of adenylyl cyclases (AC), since AC inhibitor, MDL-12,330A, markedly suppresses both basal level of cAMP and spontaneous beating rate of rabbit SANC \[[@B106-ijms-19-02173]\]. The constitutive AC activation, however, is not triggered by constitutive β-AR activation, since neither the β1-AR antagonist, CGP-20712A, nor the β2-AR subtype inverse agonist, ICI 118,551, affects the spontaneous SANC beating rate \[[@B106-ijms-19-02173]\]. The predominant AC isoforms in the ventricle are Ca^2+^-inhibited AC5 and AC6 \[[@B107-ijms-19-02173],[@B108-ijms-19-02173],[@B109-ijms-19-02173]\]. Similar to ventricular myocytes, SANCs also express AC5/6; however, they also express Ca^2+^-activated AC1 and AC8, which are distributed close to sarcolemma \[[@B110-ijms-19-02173]\] and appear to reside largely within caveolin-enriched membrane microdomains \[[@B111-ijms-19-02173]\].

Basal protein kinase A (PKA)- and Ca^2+^/calmodulin-dependent protein kinase II (CaMKII)-dependent protein phosphorylation is required to sustain normal spontaneous firing of cardiac pacemaker cells. When basal PKA- or CaMKII-dependent phosphorylation is inhibited, spontaneous beating of SANC is reduced and ultimately ceased \[[@B28-ijms-19-02173],[@B39-ijms-19-02173],[@B106-ijms-19-02173],[@B112-ijms-19-02173]\]. The intrinsic "Ca^2+^ clock" of rabbit SANC is also regulated by basal activation of both PKA- and CaMKII-dependent protein phosphorylation ([Figure 1](#ijms-19-02173-f001){ref-type="fig"}C), which determines the amount of Ca^2+^ available for pumping and modulates the speed of Ca^2+^ pumping into SR and its release through activation of RyRs by internal SR Ca^2+^ and RyR phosphorylation.

It is well established that phosphorylation of PLB by PKA or CaMKII in ventricular myocytes releases inhibition of SERCA and elevates SERCA activity by \~2--3-fold \[[@B97-ijms-19-02173],[@B114-ijms-19-02173],[@B115-ijms-19-02173],[@B116-ijms-19-02173],[@B117-ijms-19-02173],[@B118-ijms-19-02173],[@B119-ijms-19-02173]\]. SERCA activation speeds up re-uptake of Ca^2+^ into SR, shortens duration of the \[Ca^2+^\]~i~ transient and reduces duration of Ca^2+^ sparks \[[@B120-ijms-19-02173]\]. Basal level of PLB phosphorylation at the PKA-dependent Ser^16^ site was substantially higher in SANC compared to ventricular myocytes ([Figure 6](#ijms-19-02173-f006){ref-type="fig"}B), and inhibition of either AC activity ([Figure 6](#ijms-19-02173-f006){ref-type="fig"}C) or PKA-dependent phosphorylation markedly decreased basal PLB phosphorylation \[[@B106-ijms-19-02173]\], indicating that functionally relevant high basal PKA activation was driven by a high basal activity of AC. There was a close correlation between gradations in basal PKA activity, indexed by changes in PLB phosphorylation and altered by selective PKA inhibitory peptide PKI, and concomitant suppression of LCR characteristics and spontaneous SANC beating rate \[[@B106-ijms-19-02173]\]. Basal level of RyR phosphorylation at Ser^2809^ site was also \~2-fold higher in isolated rabbit SANC compared with VM ([Figure 6](#ijms-19-02173-f006){ref-type="fig"}D), and inhibition of either PKA-dependent phosphorylation by PKI or CaMKII-dependent phosphorylation by KN-93 suppressed RyR phosphorylation at this site, indicating that this site in SANC, as in VM, is phosphorylated by both protein kinases \[[@B39-ijms-19-02173]\].

The basal level of activated (autophosphorylated) CaMKII in rabbit SANC exceeded that in ventricular myocytes by \~2-fold ([Figure 6](#ijms-19-02173-f006){ref-type="fig"}E) and this was accompanied by high basal phosphorylation of PLB at CaMKII-dependent Thr^17^ site, which was \~3-fold greater in SANC compared to ventricular myocytes ([Figure 6](#ijms-19-02173-f006){ref-type="fig"}F) \[[@B39-ijms-19-02173]\]. Total CaMKII is uniformly distributed within rabbit SANC, activated (autophosphorylated) CaMKII, however, is localized beneath sarcolemma, supporting the idea that CaMKII targets sarcolemmal and subsarcolemmal compartments, and that CaMKII activity, in its turn, is likely regulated by variations in local Ca^2+^ beneath sarcolemma \[[@B112-ijms-19-02173],[@B121-ijms-19-02173]\].

In cardiac myocytes, CaMKII is directly associated with RyR \[[@B122-ijms-19-02173],[@B123-ijms-19-02173],[@B124-ijms-19-02173]\], and CaMKIIδ-dependent RyR phosphorylation increases SR Ca^2+^ leak and Ca^2+^ sparks in cardiac myocytes \[[@B122-ijms-19-02173]\] increasing Ca^2+^ sensitivity and open probability of RyR \[[@B123-ijms-19-02173],[@B124-ijms-19-02173],[@B125-ijms-19-02173],[@B126-ijms-19-02173]\]. Basal RyR phosphorylation at CaMKII-dependent Ser^2815^ site ([Figure 6](#ijms-19-02173-f006){ref-type="fig"}G) was \~10-fold higher in the SA node compared to ventricle \[[@B39-ijms-19-02173]\], which could be partly explained by similar distribution of both RyR \[[@B61-ijms-19-02173]\] and activated CaMKII beneath sarcolemma of rabbit SANC \[[@B112-ijms-19-02173]\].

L-type Ca^2+^ channels are part of both "Membrane clock" and "Ca^2+^ clock", since they generate action potential upstroke in primary cardiac pacemaker cells and provide Ca^2+^ supply for pumping into SR. There is a high basal PKA- and CaMKII-dependent phosphorylation of L-type Ca^2+^ channels in rabbit SANC, as a specific PKA inhibitor peptide, PKI, or CaMKII inhibitors, KN-93 or AIP, suppressed I~CaL~ by \~80% \[[@B127-ijms-19-02173]\] and \~50% \[[@B112-ijms-19-02173]\], respectively.

Basal CaMKII-dependent phosphorylation has been implicated in the regulation of basal SR Ca^2+^ cycling and spontaneous beating of rabbit SANC \[[@B39-ijms-19-02173],[@B112-ijms-19-02173]\]. Recent studies in transgenic mice \[[@B128-ijms-19-02173],[@B129-ijms-19-02173],[@B130-ijms-19-02173],[@B131-ijms-19-02173]\], however, did not find any differences in the basal heart beating rate between wild type mice and mice with either conditional inhibition of CaMKII (AC3-I mice) \[[@B31-ijms-19-02173],[@B131-ijms-19-02173]\], or CaMKIIδ knockout (KO) mice \[[@B130-ijms-19-02173]\]. Moreover, in contrast to rabbit SANC, there was no basal CaMKII-dependent phosphorylation in mouse SANC isolated either from the wild type or CaMKII KO mice \[[@B31-ijms-19-02173]\]. Absence of basal CaMKII-dependent phosphorylation in mouse SANC may explain, why normal cardiac pacemaker function was preserved in transgenic mice with conditional CaMKII inhibition \[[@B31-ijms-19-02173],[@B130-ijms-19-02173]\]. It is likely that CaMKII-dependent modulation of SR Ca^2+^ cycling could be redundant, which is also consistent with a less important contribution of I~NCX~ in the regulation of cardiac pacemaker function in mouse SANC.

7. Ca^2+^-Dependent Phosphorylation of Both PLB and RyRs Was Associated with Amplified Ca^2+^ Release from SR {#sec7-ijms-19-02173}
=============================================================================================================

As noted above, in addition to non-Ca^2+^-activated AC isoforms rabbit SANC express two Ca^2+^-activated isoforms AC1 and AC8, and the main part of basal AC activity in rabbit SANC is Ca^2+^-activated ([Figure 7](#ijms-19-02173-f007){ref-type="fig"}A) \[[@B110-ijms-19-02173],[@B111-ijms-19-02173],[@B132-ijms-19-02173]\]. Consistent with this idea, an increase in the cytosolic \[Ca^2+^\]~f~ concentration in permeabilized SANC was associated with an increased level of cAMP ([Figure 7](#ijms-19-02173-f007){ref-type="fig"}B), indicating activation of ACs and, as a result, augmentation of cAMP production. As expected, an increase in cAMP level in permeabilized SANC was accompanied by in an increase in PLB phosphorylation at Ser^16^ ([Figure 7](#ijms-19-02173-f007){ref-type="fig"}C), which should relieve SERCA inhibition and increase pumping Ca^2+^ into SR. Increase in physiological cytosolic \[Ca^2+^\]~f~ in permeabilized SANC would likely activate CaMKII \[[@B133-ijms-19-02173],[@B134-ijms-19-02173]\], and, indeed, there was a marked increase in CaMKII-dependent phosphorylation of both PLB \[[@B35-ijms-19-02173]\] and RyR at Ser^2809^ site ([Figure 7](#ijms-19-02173-f007){ref-type="fig"}D,E), which is phosphorylated by both PKA and CaMKII in rabbit SANC \[[@B35-ijms-19-02173]\]. Thus, coordinated and synchronized Ca^2+^-dependent increase in both Ca^2+^ release and reuptake into SR could sustain large and rhythmic spontaneous LCRs in rabbit SANC and maintain sufficient SR Ca^2+^ load ([Figure 2](#ijms-19-02173-f002){ref-type="fig"}G) in the presence of an augmented RyR Ca^2+^ release.

In contrast, an increase in the cytosolic \[Ca^2+^\]~f~ concentration in permeabilized ventricular myocytes produced no changes in PLB phosphorylation either at Ser^16^ ([Figure 7](#ijms-19-02173-f007){ref-type="fig"}C) or Thr^17^ sites \[[@B35-ijms-19-02173]\], suggesting different Ca^2+^-dependent regulation of PKA- and CaMKII-dependent phosphorylation in these two cell types. Ca^2+^-inhibited AC5/6 are the most abundant AC isoforms in the ventricle \[[@B135-ijms-19-02173]\], and that might explain why an elevation of cytosolic \[Ca^2+^\]~f~ in permeabilized ventricular myocytes produced no increase in PKA-dependent phosphorylation of either PLB or RyR. Ca^2+^ sparks in ventricular myocytes are relatively small and stochastic which could be partially due to a low level of basal SR Ca^2+^ cycling protein phosphorylation. An increase in phosphorylation status of SR Ca^2+^ cycling proteins (PLB and RyR) by addition of exogenous cAMP ([Figure 7](#ijms-19-02173-f007){ref-type="fig"}F) or inhibition of protein phosphatases or phosphodiesterases changed stochastic Ca^2+^ sparks in permeabilized rabbit ventricular myocytes into periodic Ca^2+^ wavelets that resembled LCRs in SANC \[[@B66-ijms-19-02173]\]. A similar effect was observed during addition of antibody (2D12) \[[@B136-ijms-19-02173],[@B137-ijms-19-02173]\], that mimics the effect of PLB phosphorylation by inhibiting the PLB-SERCA2 interaction and increasing Ca^2+^ pumping into SR without directly effecting the PLB phosphorylation \[[@B66-ijms-19-02173]\]. Therefore, a Ca^2+^ clock is not exclusive to pacemaker cells but can also be unleashed in ventricular myocytes when SR Ca^2+^ cycling is stimulated and spontaneous local Ca^2+^ releases become partially synchronized.

The interplay between SR Ca^2+^ release via RyRs and reuptake by SERCA is likely to be a major factor that regulates LCR periodicity in rabbit SANC. Indeed, each local Ca^2+^ release produces local depletion of SR Ca^2+^ content, and the next spontaneous LCR occur after SR Ca^2+^ content is replenished by SERCA. Robust, rhythmic LCRs in SANC require high basal PKA- and CaMKII-dependent protein phosphorylation as inhibition of either PKA- or CaMKII-dependent phosphorylation resulted in small stochastic Ca^2+^ releases that resembled Ca^2+^ sparks in ventricular myocytes \[[@B35-ijms-19-02173]\].

8. Conclusions {#sec8-ijms-19-02173}
==============

Our understanding of cardiac automaticity has progressed considerably and now includes not only electrophysiological description of ionic channels, i.e., "Membrane clock" in SANC, but also the intracellular SR Ca^2+^ cycling, i.e., "Ca^2+^ clock", as well as interactions between these clocks within coupled-clock system. Intracellular SR Ca^2+^ cycling has distinct functions in pacemaker and cardiac muscle cells: in the former, it is involved in the generation of spontaneous action potentials, which are conducted to ventricular myocytes, and through excitation--contraction coupling initiate heartbeats. This has led to a general theory of cardiac chronotropy and inotropy \[[@B28-ijms-19-02173]\]. Studies of the differences in the protein abundance between SA node and working myocardium as well as functional implications of these variances have recently emerged. In this review, we have characterized and compared differences in the abundance of Ca^2+^ handling proteins, including SERCA, PLB and RyR, between rabbit SANC and ventricular myocytes. Although there is overwhelming evidence that alterations in the ratio of SERCA to PLB can markedly change the SERCA pump activity and affect function of cardiac muscle cells, these ideas are relatively new to the field of cardiac pacemaker mechanisms. Our review emphasizes an increased abundance of SERCA in conjunction with reduced abundance of PLB protein in SANC compared to ventricular myocytes. A unique concurrent Ca^2+^-dependent regulation of both PKA- and CaMKII-dependent protein phosphorylation in rabbit SANC further accentuates differences between two cell types and links Ca^2+^ handling protein abundance and phosphorylation to the functional effects on intracellular SR Ca^2+^ cycling and cardiac pacemaker function.

Many important and complex questions, however, remain to be answered: Is the species-specific differences in cardiac pacemaker beating rate (\~70 bpm in humans vs. \~400--800 bpm in mice) associated with the expression of proteins comprising ion channels or proteins regulating Ca^2+^ handling, or both? Why is loss of PLB beneficial in the mouse heart, but harmful in human? Why is basal CaMKII-dependent phosphorylation of Ca^2+^ cycling proteins augmented in rabbit SANC, but is apparently absent in the mouse SANC? Further studies of specific protein expression in SANC of different species as well as phosphorylation-dependent modulation of these proteins are required to uncover more complex physiological and pathological mechanisms that govern the heart pacemaker function.
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![A simplified schematic illustration of regulation of the basal cardiac pacemaker function by Ca^2+^, and PKA- and CaMKII-dependent phosphorylation in intact and permeabilized rabbit SANC. (**A**) The coupled-clock pacemaker system. Intracellular Ca^2+^ cycling (in red) operates in tight cooperation with the ensemble of membrane ion channels. Note that L-type Ca^2+^ channel and I~NCX~ current are both Ca^2+^ cycling proteins and surface membrane currents. Constitutive activation of the basal AC activity results in an elevated level of cAMP and cAMP/PKA-dependent phosphorylation. The basal Ca^2+^/cAMP-PKA "feed-forward" regulation is kept in check by a high basal PDE activity. Many ion currents including (I~f~, I~st~, I~Ca,L~, I~Ca,T~, I~K~, etc.) are regulated by Ca^2+^. Both PKA- and CaMKII-dependent phosphorylation modulates the function of Ca^2+^ cycling proteins (PLB, RyR, L-type Ca^2+^ channel, and I~NCX~ current). (**B**) Schematic illustration of spontaneous SANC action potential and major currents involved in generation of the diastolic depolarization. See text for additional details. LCR-induced increase in \[Ca^2+^\] beneath sarcolemma activates an inward I~NCX~ current creating exponential increase in the diastolic depolarization rate. (**C**) Schematic illustration of permeabilized SANC in the absence of functional ionic currents. Ca^2+^ cycling by the SR in permeabilized SANC becomes "free running" and is controlled mostly by the concentration of free cytosolic \[Ca^2+^\]~f~ and the kinetics of Ca^2+^ pumping into SR and release from RyR. See text for additional details.](ijms-19-02173-g001){#ijms-19-02173-f001}

![Spontaneous local Ca^2+^ releases are more robust and periodic in permeabilized rabbit SANC than in ventricular myocytes (VM). (**A**,**C**) Confocal images, Ca^2+^ waveforms; and (**B**,**D**) fast Fourier transform (FFT) of Ca^2+^ waveforms showed more rhythmic and large Ca^2+^ releases in saponin-permeabilized rabbit SANC than in ventricular myocytes bathed at the same cytosolic free \[Ca^2+^\]~f~ (modified from Sirenko et al. \[[@B35-ijms-19-02173]\]). (**E**) Total amount of Ca^2+^ released from the SR (total Ca^2+^ signal mass) was comparable between SANC and ventricular myocytes at 50--100 nmol/L \[Ca^2+^\]~f~ and significantly higher in SANC than in ventricular myocytes at \[Ca^2+^\]~f~ \> 150 nmol/L. (**F**) Relative number of cells generated periodic spontaneous Ca^2+^ releases was higher in SANC than that in ventricular myocytes at the same \[Ca^2+^\]~f~. (**G**) SR Ca^2+^ content was comparable in saponin-permeabilized SANC and VM at physiological Ca^2+^ concentration (50--250 nmol/L), and significantly higher in VM than in SANC at 300 nmol/L \[Ca^2+^\]~f~. \*Indicates statistical significance (*p* \< 0.05).](ijms-19-02173-g002){#ijms-19-02173-f002}

![Distribution of ryanodine receptors (RyRs) and Na^+^/Ca^2+^ exchanger (NCX) in SANC. (**A**) The surface membrane labeled with di-8-ANEPPS in guinea-pig SANC (left panel) and VM (right panel) showed that SANCs, in contrast to VMs, have no invaginations associated with T-tubules (modified from Rigg et al. \[[@B21-ijms-19-02173]\]). (**B**) Immunolabeling of guinea-pig SANC with anti-RyR antibody identified higher labeling intensity close to sarcolemma (modified from Rigg et al. \[[@B21-ijms-19-02173]\]). (**C**) Immunostaining of rabbit saponin-permeabilized VM for total RyR (top) and the average pixel intensity (bottom) showed an even labeling intensity across the cell (modified from Sirenko et al. \[[@B35-ijms-19-02173]\]). (**D**) An example of double immunolabeling of intact rabbit SANC with NCX and RyR antibodies (top); pixel-by-pixel intensities showed that NCX and RyR are colocalized in the submembrane regions of SANC (modified from Lyashkov et al. \[[@B61-ijms-19-02173]\]). (**E**) Quantitative analysis of labeling intensities within a 0.5 µm subspace beneath the perimeter of the sarcolemma confirmed the significant increase in both NCX (grey bars) and RyR (black bars) in SANC compared to that in left ventricular (LV) myocytes (NCX1 labeling in SANCs differs from LV and right atrial cells by *p* \< 0.05 post hocANOVA. cRyR labeling of SANCs differ from LV and right atrial cells, *p* \< 0.01 post hoc ANOVA, modified from Lyashkov et al. \[[@B61-ijms-19-02173]\]). (**F**) In rabbit SANC, immuno-fluorescence of RyR clusters, i.e., local Ca^2+^ release units (CRUs), showed their localization under the cell surface membrane with the average distance \~1.3 μm (modified from Maltsev et al. \[[@B69-ijms-19-02173]\]).](ijms-19-02173-g003){#ijms-19-02173-f003}

![SR Ca^2+^ pump, SERCA, is more abundant in SANC than in ventricular myocytes. (**A**) Representative Western blot (left) and average data (right) showed that SERCA is more abundant in the human right atrium (RA) compared to right (RV) or left (LV) ventricle (\* *p* \< 0.05 vs. RV, + *p* \< 0.05 vs. LV, Bonferroni post hoc ANOVA; modified from Boknık et al. \[[@B75-ijms-19-02173]\]). (**B**) Representative Western blots (top) and average data (bottom) confirmed increased abundance of SERCA in rabbit SANC compared to ventricular myocytes (VM) (modified from Sirenko et al. \[[@B35-ijms-19-02173]\]). (**C**) Immunolabeling of rabbit SA node tissue sections showed robust SERCA labeling within the center and periphery of the SA node (modified from Lyashkov et al. \[[@B61-ijms-19-02173]\]). (**D**) Suppression of SERCA by cyclopiazonoc acid (CPA, 3 µmol/L) significantly decreased average LCR number, size and SR Ca^2+^ load in permeabilized rabbit SANC (modified from Vinogradova et al. \[[@B36-ijms-19-02173]\]). (**E**) CPA dose-dependently decreased spontaneous firing rate of intact rabbit SANC (modified from Vinogradova et al. \[[@B36-ijms-19-02173]\]). \* Indicates statistical significance (*p* \< 0.05).](ijms-19-02173-g004){#ijms-19-02173-f004}

![Comparison PLB abundance in SANC and ventricular myocytes. (**A**) Representative Western blot (top) and average data (bottom) showed that PLB is less expressed in human right (RA) or left (LA) atrium than in right (RV) or left (LV) ventricle (\* *p* \< 0.05 vs. RV, + *p* \< 0.05 vs. LV, Bonferroni post hoc ANOVA; modified from Boknık et al. \[[@B75-ijms-19-02173]\]). (**B**) Representative Western blot (top) and average data (bottom) showed that PLB was less abundant in rabbit SANC than in VM (modified from Sirenko et al. \[[@B35-ijms-19-02173]\]). (**C**) Confocal line-scan images (left) and surface plots (right) of WT and PLB-KO mouse VM showed that spontaneous Ca^2+^ sparks were three times more frequent and larger in amplitude in KO cells than that in WT (modified from Santana et al. \[[@B99-ijms-19-02173]\]\]). \* Indicates statistical significance (*p* \< 0.05).](ijms-19-02173-g005){#ijms-19-02173-f005}

![Basal levels of cAMP, PKA- and CaMKII-dependent phosphorylation in rabbit SANC and ventricular myocytes (VM). (**A**) Basal level of cAMP was substantially higher in SANC than in ventricular myocytes (modified from Vinogradova et al. \[[@B113-ijms-19-02173]\]). (**B**) Basal level of PLB phosphorylation was significantly increased at PKA-dependent Ser^16^ site in SANC compared to VM (modified from Vinogradova et al. \[[@B106-ijms-19-02173]\]). (**C**) Adenylyl cyclase inhibitor, MDL-12,330A, suppressed PLB phosphorylation at Ser^16^ site in SANC (modified from Vinogradova et al. \[[@B106-ijms-19-02173]\]). (**D**) Basal level of RyR phosphorylation at Ser^2809^ site was markedly higher in SANC compared to VM (modified from Li et al. \[[@B39-ijms-19-02173]\]). (**E**) Basal level of activated (autophosphorylated at Thr^286/287^) CaMKII (pCaMKII) was \~2-fold higher in SANC compared to ventricular myocytes (modified from Li et al. \[[@B39-ijms-19-02173]\]). (**F**) Basal phosphorylation of PLB at the CaMKII-dependent Thr^17^ site (PLB-Thr^17^) was \~3-fold higher in SANC compared to VM (modified from Li et al. \[[@B39-ijms-19-02173]\]). (**G**) Basal phosphorylation of RyR at CaMKII-dependent Ser^2815^ site (Ser^2815^-RyR) was \~10-fold higher in the rabbit SA node than that in the left ventricle (LV) (modified from Li et al. \[[@B39-ijms-19-02173]\]\]). \* Indicates statistical significance (*p* \< 0.05).](ijms-19-02173-g006){#ijms-19-02173-f006}

![Ca^2+^-dependent modulation of cAMP and PKA-dependent phosphorylation in rabbit SANC, but not in ventricular myocytes. (**A**) Ca^2+^-dependent increase of AC activity of whole cell lysates of intact SANC (modified from Younes et al. \[[@B9-ijms-19-02173]\]). (**B**--**E**) (modified from Sirenko et al. \[[@B35-ijms-19-02173]\]): (**B**) An increase in cytosolic free \[Ca^2+^\]~f~ produced an increase in cAMP concentration in permeabilized SANC. (**C**) An increase in cytosolic free \[Ca^2+^\]~f~ increased phosphorylation of PLB at Ser^16^ site in permeabilized SANC, but not in ventricular myocytes. (**D**) Representative permeabilized SANC immunolabeled for total and phosphorylated RyR at Ser^2809^ (kept at 0 (top) or 200 nmol/L (middle) \[Ca^2+^\]~f~ respectively); pixel-by-pixel fluorescence intensities (bottom) showed that increase in cytosolic \[Ca^2+^\]~f~ produced an increase in RyR phosphorylation. (**E**) Average data of changes in RyR phosphorylation at Ser^2809^ produced by an increase in cytosolic \[Ca^2+^\]~f~ in permeabilized SANC and ventricular myocytes. Ca^2+^-stimulated RyR phosphorylation in SANC at 200 nmol/L \[Ca^2+^\]~f~ could be partially reversed by inhibition of PKA by PKA inhibitor peptide (PKI) or CaMKII inhibitor (KN-93, but not its inactive analog KN-92), indicating that this site is phosphorylated by both PKA and CaMKII. (**F**) An increase in cAMP level in permeabilized rabbit ventricular myocytes transformed stochastic Ca^2+^ sparks into more rhythmic and large Ca^2+^ wavelets (top and middle panels) and significantly increased total amount of Ca^2+^ released from the SR (total Ca^2+^ signal mass, bottom panel) (modified from Sirenko et al. \[[@B66-ijms-19-02173]\]). \* Indicates statistical significance (*p* \< 0.05).](ijms-19-02173-g007){#ijms-19-02173-f007}
